Abstract Purpose: Clinical observations suggest that intratumoral hypoxia increases the aggressiveness of tumors through clonal selection of cancer cells that have lost their apoptotic potential. The aim of this study, therefore, was to investigate the expression of the proapoptotic protein apoptotic protease activating factor-1 (Apaf-1) in cervical cancers and to analyze its relation to intratumoral hypoxia and apoptosis. Furthermore, the effect of hypoxia and apoptosis on survival was examined. Experimental Design: In 56 patients, intratumoral oxygenation measurements and subsequent needle biopsies were done.The obtained tissue was analyzed by terminal deoxynucleotidyl transferase^mediated dUTP nick end labeling assays and by immunohistochemistry with an Apaf-1 antibody.
Hypoxia is a driving force in the malignant progression of solid tumors. Hypoxic microregions have been detected in a wide variety of solid tumors, including cervical cancer, head and neck cancer, as well as soft tissue sarcomas (1 -3) . In previous clinical studies, our group showed that patients with hypoxic cervical cancers had a significantly worse prognosis compared with patients with better oxygenated tumors regardless of treatment modality (2) . Mechanisms by which sustained tumor hypoxia may increase aggressiveness include differential regulation of gene expression (4) and clonal selection of tumor cells that have lost their apoptotic potential (5, 6) .
Physiologically, hypoxia serves as a stimulus for apoptosis (7, 8) . However, in a previous study, we showed the occurrence of hypoxic cervical cancers with a low fraction of apoptotic cells and showed that these tumors were highly aggressive compared with hypoxic tumors with high apoptosis rates and nonhypoxic tumors (9) . The mechanisms by which hypoxia gives rise to this apoptosis resistance have only partially been elucidated. Graeber et al. (5) showed in a mouse model that hypoxic conditions select for apoptosis-resistant p53 À/À mouse embryonic fibroblasts. One critical regulator of apoptosis under hypoxia is the apoptotic protease activating factor-1 (Apaf-1). Apaf-1 is a crucial part of the apoptosome that is assembled in response to several cellular stresses (e.g., hypoxia, DNA damage, oncogene, activation, etc.). Activation by these signals finally leads to caspase activation via the intrinsic mitochondrial pathway resulting in apoptotic cell death (10 -12) . Apaf-1 knockout mice showed severe defects in the apoptotic response to hypoxic stimulation (13) . This finding shows that Apaf-1 is an essential component of the apoptotic response to hypoxia in vitro. Recently, we have shown that Apaf-1 is expressed in cervical cancer and that an absent or weak Apaf-1 expression correlates significantly with the presence of lymph node metastasis at time of surgery (14) . Furthermore, Apaf-1 deficiency was shown in several malignancies, including pancreatic cancer (15) , malignant melanoma (16) , and leukemia, in the last of which it was associated with poor survival (17) . To our knowledge, this is the first study investigating the relationship between Apaf-1 expression, intratumoral pO 2 levels, and apoptosis rates in human malignant tumors. We show that a significant proportion of cervical cancers with low apoptosis rates despite intratumoral hypoxia showed a lack of Apaf-1 expression.
Materials, Patients, and Methods
Patients, pO 2 measurement, and tissue specimens
All patients were part of a prospective clinical study evaluating the significance of intratumoral hypoxia in cervical cancer that commenced in 2001 at the Department of Gynecology at Leipzig University (18) . Intratumoral oxygenation measurement was done with the Eppendorf histography system (Eppendorf, Hamburg, and Germany) according to the standard procedure described earlier (19) . The procedure was done after informed written consent was obtained from each patient. The study was approved by the medical ethics committee of Leipzig University. pO 2 measurement was done pretherapeutically in the conscious patient along at least two distinct tracks within the macroscopically vital tumor. Per track, f30 data points were collected starting at a tissue depth of 5 mm. To confirm that the measurement was done within the tumor and not in necrotic or tumor-free areas, a needle core biopsy of f2 mm in diameter and 20 mm in length was taken of each measured track after the procedure. The biopsies were formalin fixed and paraffin embedded according to standard protocols followed by an evaluation by a gynecologic pathologist. Of the patients enrolled in the study between January 2001 and February 2003, sufficient material for analysis was available in 56 cases. The median pO 2 of each track was correlated to Apaf-1 expression as well as to the apoptosis rate in the corresponding biopsy (see below).
Immunohistochemical staining for Apaf-1
Immunohistochemical staining was done as described previously (14) using a polyclonal rabbit anti -Apaf-1 antibody (ProSci, Poway, CA) and the catalyzed signal amplification system from DAKO (Glostrup, Denmark). Negative controls were done by omitting the anti -Apaf-1 antibody in the primary antibody incubation.
Terminal deoxynucleotidyl transferase -mediated dUTP nick end labeling assays
Apoptotic cells were detected by terminal deoxynucleotidyl transferase -mediated dUTP nick end labeling (TUNEL). Slides were treated with the DeadEnd Colorimetric Apoptosis Detection System (Promega, Madison, WA) according to the instructions of the manufacturer. As a positive control, DNase-treated lymph node sections were used and for negative controls, the TdT enzyme was omitted.
Evaluation of immunostaining
Evaluation of Apaf-1 immunostaining. For the assessment of cytoplasmic staining results for Apaf-1, a predefined scoring system based on the product of staining intensity and percentage of positive tumor cells was used (20) . Staining intensity was evaluated as negative (0), weak (1), moderate (2), and strong (3) and the percentage of positive tumor cells was categorized as follows: 0, 0%; 1, 1% to 10%; 2, 11% to 50%; 3, 51% to 80%; and 4, >80%. By multiplying both components, an expression score (0-12) was obtained. A section was only counted as negative when an internal control (endothelial or peritumoral inflammatory cells) was positive for Apaf-1. Evaluation of the samples was done by two independent investigators (L-C.H. and A.S.) who were blinded to the patient data. In cases of discrepant assessment, an agreement was obtained after collegial revision using a multiheaded microscope. Cases with an expression score of 0 to 2 were considered negative, whereas all specimens with a score >2 were counted as positive.
Evaluation of TUNEL assays. To assess apoptosis, cells with clear brown nuclear labeling were counted as TUNEL positive. To determine the apoptosis rate of a tumor, the number of TUNEL-positive cells per 1,000 tumor cells was expressed in percent.
Statistical analysis
The Mann-Whitney U test and Fisher's exact test were used for comparisons between different groups. Correlations between two variables were described by Spearman's rank correlation coefficient (r). Overall survival (OS), with deaths due to any cause as event, and relapse-free survival (RFS), with relapse and metastases as events, were analyzed by log-rank test. Three-year survival rates are presented. P values <0.05 were considered to indicate statistical significance. A retrospective power analysis was calculated for the survival statistics. Statistical analysis was done using the statistics package SPSS (version 11. 
Results
Patient characteristics and clinicopathologic features. All cervical carcinomas were clinically staged according to International Federation of Gynecologists and Obstetricians (FIGO) criteria. The median age at diagnosis was 47 years (range, 24-79 years). In 22 of the examined cases, the tumor was resected by total mesometrial resection along with pelvic/paraaortic lymph node dissection (21) . In one case (FIGO IV), the tumor was treated with curative intent by laterally extended endopelvic exenteration (22) . For the surgically treated patients, the tumors were additionally staged according to the pathological tumornode-metastasis system. Thirty-three patients were treated by radiation therapy. The distribution of FIGO and tumor-nodemetastasis stages is shown in Table 1 . Forty-nine tumors were of squamous cell origin, six represented adenocarcinomas and one was an adenosquamous cell carcinoma.
Apaf-1 protein expression and apoptosis rates in cervical cancers. Immunohistochemistry for Apaf-1 was done in all 56 cervical cancer samples. Cytoplasmic Apaf-1 expression was found in 86% of the investigated cases. Positive tumor cells presented a diffuse, cytoplasmic staining (Fig. 1 ). There was a lower rate of Apaf-1 positivity among the FIGO I/II cases (24 of 31) compared with the FIGO III/IV cervical cancers (24 of 25). Thus, seven of the eight Apaf-1 -negative cancers belonged to the FIGO stages I and II (P = 0.063; Table 1 ).
The median apoptosis rate was 1.0% (range, 0.3-3.4%) as determined by TUNEL assays (Table 1) . Apaf-1 -positive cancers exhibited significantly higher apoptosis rates compared with Apaf-1 -negative cases (P = 0.046, Fig. 2 ). This effect was even more pronounced when only regarding the group of hypoxic cervical cancers (P = 0.039).
Apaf-1 expression, apoptosis, and intratumoral pO 2 . For the 56 tumors, the median oxygenation along the histologically confirmed single tracks was 6.9 mmHg (range, 0.8-33.3 mmHg). There was no correlation between Apaf-1 expression and intratumoral oxygenation (r = 0.004; P = 0.975) or between the apoptosis rates and intratumoral oxygenation (r = À0.049; P = 0.722). However, there was a group of 16 cervical cancers that exhibited low apoptosis rates despite being hypoxic (Fig. 3) . To define hypoxia, the commonly used threshold of 10 mmHg was used (2) and low apoptosis was defined as an apoptosis rate below or at the median of 1.0%. Six of the eight Apaf-1 -negative cervical cancers belonged to that group. Thus, 37.5% (95% confidence interval, 15.2-64.6%) of the cervical cancers in the hypoxic low-apoptotic group were Apaf-1 negative compared with only 5.0% (95% confidence interval, 0.61-16.9%) in the group with hypoxic high-apoptotic or nonhypoxic cervical cancers (P = 0.005, Fisher's exact test; Fig. 3) .
Hypoxia, apoptosis, and survival. The median follow-up period was 44 months. For one patient, no follow-up data were available for survival analysis. Furthermore, five patients (four with disease progression and one with unknown relapse status) were not included in the analysis for RFS. There were no significant differences in OS and RFS comparing patients having hypoxic high-apoptotic or nonhypoxic tumors with patients having hypoxic low-apoptotic tumors [OS (3-year rate), 74.4% versus 50.0%; P = 0.08; power of the analysis, 45%; RFS (3-year rate), 66.3% versus 50.0%; P = 0.29]. More specifically, the comparison in OS between patients having hypoxic high-apoptotic tumors with those having hypoxic lowapoptotic cancers showed a trend toward a worse prognosis for the latter group that did not reach statistical significance [OS (3-year rate), 75.0% versus 50.0%; P = 0.18; Fig. 4 ]. Similarly, patients with nonhypoxic tumors showed a nonsignificant trend toward a better prognosis when compared with patients having hypoxic low-apoptotic cervical cancers [OS (3-year rate), 73.9% versus 50.0%; P = 0.12].
There were no survival differences between Apaf-1 -positive and Apaf-1 -negative cervical cancers [OS (3-year rate), 65.9% versus 75.0%; P = 0.55; RFS (3-year rate), 64.5% versus 41.7%; P = 0.52].
Discussion
To our knowledge, this is the first study analyzing the relationship between Apaf-1 expression, intratumoral pO 2 levels, and apoptosis rates in cervical cancer.
Hypoxia is commonly regarded as a stimulus for apoptotic cell death (7) . However, a subset of cervical cancers seems to be able to escape hypoxic induction of apoptosis. In a previous study, we found that hypoxic cervical cancers with low apoptosis rates were associated with a more aggressive phenotype resulting in poorer survival when compared with the remaining tumors (9) . Likewise, in the present study, patients with hypoxic low-apoptotic tumors also had lower survival rates when compared with those with other tumors, although this trend did not reach statistical significance. As might be expected, Apaf-1 -negative cervical cancers had significantly lower apoptosis rates compared with those with Apaf-1 expression. However, this effect did not translate into a survival disadvantage for patients with Apaf-1 -negative Fig. 3 . Lack of correlation between the apoptosis rates (%) and the median pO 2 (mmHg) of the respective tumors. A group of 16 cervical cancers that despite hypoxia (pO 2 V 10 mmHg) exhibits low apoptosis rates (V1.0%). Six of the eight (75%) Apaf-1^negative cervical cancers are found in the group of hypoxic low-apoptotic tumors. Fig. 4 . Using Kaplan-Meier analysis and log-rank test, hypoxic low-apoptotic tumors showed no significant differences in OS to hypoxic high-apoptotic tumors (P = 0.18) or nonhypoxic tumors (P = 0.12), respectively.
cancers, possibly because their tumors almost exclusively belonged to the earlier FIGO stages I and II.
The mechanisms underlying an acquired resistance to hypoxia-induced apoptosis have been addressed in in vitro studies and animal models (5, 6) . In the present clinical study, we identified a group of 16 cervical cancers that exhibit low apoptosis rates despite intratumoral hypoxia. These 16 cervical cancers may be assumed to have grown resistant to hypoxiainduced apoptosis. One major regulator that plays a role in hypoxia-mediated apoptosis is Apaf-1. Apaf-1 knockout mice showed severe defects in the apoptotic response to hypoxic stimulation (13) . We found Apaf-1 expression in 86% of our investigated cervical cancer samples. This finding is consistent with previous published data by our group that found Apaf-1 positivity in 78% of cervical cancers (14) . Although the vast majority of cervical cancers express Apaf-1, 75% of the Apaf-1 -negative tumors were found in the group of hypoxic lowapoptotic tumors, suggesting a mechanism by which hypoxic cervical cancers acquire resistance to apoptosis. In conclusion, one mechanism by which hypoxic cervical cancers avoid apoptosis seems to be the loss of Apaf-1 expression. Thus, low expression of Apaf-1 in hypoxic tumors may be an unfavorable prognostic factor.
